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Description 

A Low Frequency Inductive RF Plasma Reactor 
Technical Field 

This invention relates in general to a wafer processing system and relates 
5 more particularly to a wafer processing plasma reactor in which the plasma is 
generated primarily by inductively coupled power* 

In the figures, the first digit of a reference numeral indicates the first 
figure in which is presented the element indicated by that reference numeral. 

Background Art 

10 Plasma etching or deposition in the fabrication of circuits is attractive 

because it can be anisotropic, can be chemically selective and can produce 
processing under conditions far from thermodynamic equilibrium. Anisotropic 
processing enables the production integrated circuit features having sidewalk that 
extend substantially vertically from the edges of a die masking layer. This is 

15 important in present and future ULSI devices in which the depth of etch and 
feature size and spacing are all comparable. 

In Figure 1 is shown a typical wafer processing plasma reactor 10. This 
reactor includes a dielectric coated metal wall 11 that encloses a plasma reactor 
chamber 12. Wall 11 is grounded and Sanctions as one of the plasma electrodes. 

20 Gases are supplied to chamber 12 from a gas source 13 and are exhausted by an 
exhaust system 14 that actively pumps gases out of the reactor to maintain a low 
pressure suitable for a plasma process. An rf power supply 15 connected to a 
second (powered) electrode 16 capadtivefy couples power into a plasma in 
chamber 12. A wafer 17 is positioned on or near powered electrode 16 for 

25 processing. Wafers 17 are transferred into and out of reactor chamber 12 through 
a port such as slit valve 18. 

RF power at 13.56 MHz is predominantly utilized in plasma reactors 
because this frequency is an ISM (Industry, Scientific, Medical) standard 
frequency for which the government mandated radiation limits are less stringent 
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than at non-ISM frequencies, particularly those within the communication bands. 
This substantially universal use of 13.56 MHz is fiirther encouraged by the large 
amount of equipment available at that frequency because of this ISM standard 
Other KM standard frequencies are at 27.12 and 40.68 MHz, which are first and 
5 second order harmonics of the 1356 MHz ISM standard frequency. 

A plasma consists of two qualitatively different regions: a quasineutral, 
equipotential conductive plasma body 19 and a boundary layer 110 called the 
plasma sheath. Hie plasma body consists of substantially equal densities of 
negative and positive charged particles as well as radicals and stable neutral 

10 particles. RF power coupled into the reactor chamber couples energy into the 
free electrons, imparting sufficient energy to many of these electrons that ions can 
be produced through collisions of these electrons with gas molecules. The plasma 
sheath is an electron deficient, poorly conductive region in which the gradient in 
the space potential (Le., the electric field strength) is large. The plasma sheath 

15 forms between the plasma body and any interface such as the walls and electrodes 
of the plasma reactor chamber: 

When the powered electrode is capadtively coupled to the rf power source, 
a negative dc component V*. of the voltage at this electrode (Le., the dc bias) 
results (see, for example, H.S. Butler and G.S. Kind, Physics of Fluids, £, p. 1348 

20 (1963). This bias is a consequence of the unequal electron and ion mobilities and 
the inequality of die sheath capacitances at the electrode and wall surfaces. The 
magnitudes of the sheath capacitances are a function of the plasma density as well 
as the chamber geometry and the relative areas of the electrode and wall within 
the plasma chamber. Sheath voltages at the powered electrode on the order of 

25 several hundreds of volts are commonly produced (see, for example, J. Coburn 

... *■ 

and E. Kay, Positive-ion bombardment of substrates in rf diode glow discharge 
sputtering, J. AppL Phys^ 42, p. 4965 (1972). 

The dc component of the sheath potential at the powered electrode is 
useful in accelerating ions to higher energy in a direction substantially i 
30 perpendicular to the powered electrode. Therefore, in a plasma etching process, 
a wafer 17 to be etched is positioned on or slightly above the powered electrode 
16 so that tins fhcc of positive ions is incident substantially perpendicular to the 
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plane of the wafer, thereby producing substantially vertical etching of unprotected 
regions of the wafer. These high sheath voltages (and high discharge voltage) are 
needed in some processes (like Si0 2 etching) to produce etch rates that are 
required for a commercial etch process. 
* 5 Transistor speed specifications and high device densities in the most 

modem MOS integrated circuits have required the use of shallow junctions and 
thin (on the order of 100 A) gate oxides under polysilicon gates that are thousands 
of Angstroms thick. Unfortunately, such IC structures are sensitive to ion 
bombardment by high energy ( > 100 ev) ions such as in the conventional plasma 

10 etch apparatus of Figure 1 so that, during the step of etching the polysilicon layer 
to form the gate, it is difficult to avoid damaging the gate oxide. Because wafer 
damage decreases with decreasing ion energy and associated sheath voltage, it 
would be advantageous to operate at smaller discharge power levels and voltages. 
Unfortunately, for capacitively coupled power at 1356 MHz, this reduction of 

15 voltage results in a proportionately slower etch rate for many processes, which 
thereby significantly degrades process throughput 

Etch rates for Si0 2 and some Si etch processes are a function of the ion 
bombardment power density transmitted from the plasma to the wafer. Since this 
power is equal to die product of the sheath voltage at the powered electrode and 

20 the ion current density at the wafer, the ion current density at the wafer must be 
increased to ynymtam substantially constant etch rate with decreased sheath 
voltage. This requires that the plasma ion density near the wafer be increased. 
Unfortunately, in a conventional plasma etcher, both the sheath voltage of the 
powered electrode and the ion density near that electrode are proportional to 

25 each other and are monotonically increasing functions of the amplitude of the rf 
voltage applied to the powered electrode. Thus, if the sheath voltage is decreased 
by decreasing the voltage of the rf signal, then the current density of the ion beam 

♦ 

at the wafer also decreases thereby producing an even greater percentage 
A decrease in etch rate than in either the sheath voltage or the ion current It 

30 would therefore be advantageous to be able to control independently the sheath 
voltage and ion density at the wafer so that a soft etch process (ie^ an etch 
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process with reduced sheath voltage at the wafer) can be implemented that has 
a commercially adequate etch rate. 

One method of increasing etch rate by enhancing plasma ion density near 
the wafer utilizes magnets to produce a magnetic containment field that traps 

5 electrons within the vicinity of the wafer, thereby increasing the ion production 
rate and associated density at the wafer. The magnetic containment field confines 
energetic electrons by forcing them to spiral along helical orbits about the 
magnetic field lines. Unfortunately, nommiformities of the magnetic containment 
field of such "magnetically enhanced" plasma etching systems decrease etch rate 

10 uniformity over the surface of the wafer. The Ex B drifts due to the electric field 
in and near the sheath also reduces etch rate uniformity in such systems. To 
improve uniformity over the surface of the wafer in one such system, the wafer 
is rotated about an axis that is perpendicular to and centered over the surface of 
the powered electrode. This produces at the wafer surface a cylindrically 

15 symmetric time-averaged field that has improved average uniformity over the 
wafer, thereby producing increased etch uniformity. However, this rotation 
produces within the plasma chamber undesirable mechanical motion that can 
produce particulates and increase contamination. 

Another technology that has potential for producing acceptable etch rates 

20 at low ion bombardment energy is the recently developed technique of electron 
cyclotron resonance plasma production. This technique has application to wafer 
cleaning, etching and deposition processes. In this technique, a plasma is 
produced by use of a microwave source and a magnetic containment structure. 
Unfortunately, this technique, when applied to etching or chemical vapor 

25 deposition, exhibits high levels of particulate formation, poor radial etch rate 
uniformity and low throughput Hie fraction of energy coupled into production 
of radicals increases very rapidly above about 1 milliTorr so that the pressure in 
this system must be kept below this leveL This requires expensive hardware that 
includes: (1) a very large pumping speed (> 3,000 liters per second, whi chislO 

30 times typical values) vacuum pumping system to produce the very low (0.1-1 
milliTorr) pressures required for this process; and (2) a large magnetic 
c ontainme nt system that sometimes includes large electromagnets. 
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Another technique for increasing the ion density utilizes a microwave 
plasma generator to generate ions in a region at least 10 cm above the wafer. 
These ions flow into the volume above the wafer and therefore contribute to the 
ion density at the wafer. However, this approach tends to produce copious 
5 amounts of free radicals and produces no more than a few milliamps/cm 2 ion 
current density at the wafer. 

In Josef Freisinger and Horst W. Loeb, The neutral particles injectors RIG 
for fusion reactors, Atomkernenergie • Kerntechnik, VoL 44 (1984) No. 1, p. 81-86. 
a neutral beam of particles is generated to inject the amount of additional power 
10 needed to produce a break-even point in energy production in a Tokamak fusion 
reactor. This beam is produced by first producing an ion beam by means of 
inductively coupled power and then neutralizing the beam by passing it though a 
gas before entry into the fusion reactor. The ion beam is extracted by a dc field 
instead of an rf field as in the present application. 
15 In the reactor presented in the article J. Freisinger et al entitled RF-ion 

source RIM 10 for material processing with reactive gases, IX International 
Conference on Gas Discharges and their Applications, 19-23 September 1988), 
power is inductively coupled into the chamber to heat electrons and an ion beam 
onto a wafer is produced by a dc field instead of by an rf field. 

Disclosure of Invention 

In accordance with the illustrated preferred embodiment, a plasma reactor 
is presented in which low frequency (0.1 - 6 MHz) rf power is inductively coupled 
into the plasma to provide energy for ionization of the gas near a wafer-holding, 
powered electrode and a high frequency voltage of lower power is applied to the 
powered electrode to control the ion bombardment energy of a wafer upon this 
electrode. A wafer is placed on or just above this powered electrode for 
processing. 

Ibis plasma reactor has a noneonductive chamber wall that is encircled by 
ah induction coil that is connected to a low frequency rf source. A split Faraday 
shield is positioned between the induction coil and the sidewall of the reactor and 
encircles the reactor to substantially eliminate the production of displacement 
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currents between the induction coil and the plasma reactor. This shield, in effect, 
greatly reduces the capacitive coupling of the low frequency rf electric field to the 
plasma (See, the article by J. L Vossen, entitled Glow Discharge Phenomena in 5 
Plasma Etching and Plasma Deposition, J. Electrochem. Soc Solid-State Science 

5 and Technology, VoL 126, No. 2, February 1979, p319) so that the energy of ion » 
bombardment and associated etching and sputtering of die reactor wall is 
substantially eliminated and so that the modulation of the wafer sheath voltage 
at the low frequency is reduced. 

This Faraday shield is movable so that the capacitance between the plasma 

10 and the shield can be varied. Hie Faraday shield is placed substantially in contact 
with the chamber outer wall, producing a high value of capacitance during wafer 
processing. This reduces the rf plasma potential, thereby reducing plasma etching 
of the walls of the reactor. An increased gap between the Faraday shield and the 
chamber wall yielding a reduced value of capacitance can be used outside of 

15 periods of wafer etching to produce increased rf and time-averaged plasma 
potential levels, thereby causing higher energies of ion bombardment that permit 
cleaning of the reactor walls with a controlled level of etching. Preferably, the 
Faraday shield is moved radially to alter capacitance, but the capacitance could 
also be varied by vertical movement of the Faraday shield. In an embodiment in 

20 which the shield is movable vertically, the shield should not be allowed to mover 
far enough vertically that it does not lie between the reactor chamber and every 
coil of the induction coiL A conductive sheet can be included above the top of 
the chamber to increase the capacitance of the plasma to the effective rf ground 
electrode provided by the reactor wall. This plate can also be movable to vary 

25 the capacitance between the plasma body and this portion of the Faraday shield. 

A dc magnetic field can be included to enhance ion generation at low 
pressures by confining electrons away from the walls of the chamber. At low 
pressure, electrons have an increased mean free path that would increase their 
rate of loss from the chamber by collisions with the chamber walL This magnetic * 

30 field forces the electrons into helical paths that have an increased chance of 
making ionizing collisions within the chamber before colliding with a wall. 
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A diverging magnetic field which is stronger near the top f the reactor 
chamber can be included to reflect electrons back into the plasma, thereby 
preventing their loss at the top 'wall of the chamber. This latter magnetic field 
(which might be as small as several Gauss near the top of the chamber) can be 
5 produced either by an array of permanent magnets positioned on top of the 
chamber and having alternating directions of their magnetic fields, by a solenoidal 
coil carrying dc current or by a ferromagnetic disk. 

The inductively coupled if power is supplied at a frequency in the range 
0.1 - 6 MHz and at a power level up to 10 kW, depending on the size of the 

10 reactor chamber. The voltage applied to the powered electrode is at a frequency 
much higher than the inverse of the average time for an ion to cross the sheath 
at the powered electrode. Preferred choices for the frequency 4 of this voltage 
signal are any of the ISM standard frequencies 1356, 27.12 and 40.68 MHz. The 
higher frequencies will be needed for higher densities of plasma in order to 

15 produce ion bombardment energies which are not too broadly distributed. 

The sheath at the powered electrode contains a strong electric field that 
is substantially perpendicular to the plane of the wafer, thereby producing 
substantially vertical ion impact and associated substantially vertical or controlled 
taper etching of the wafer. The amount of capacitively coupled power provided 

20 to die powered electrode is substantially less than the powerprovided inductively 
to the plasma. Therefore, the average ion current at the wafer is primarily 
determined by the inductively coupled power and, due to the Faraday shield, the 
average ion energy at die wafer is substantially a function only of the amplitude 
of the rf signal to the powered electrode. In contrast to tins, in the typical plasma 

25 reactor illustrated in Figure 1, both the average ion density (which is typically 
somewhat lower) and energy are controlled by the amplitude of the rf signal to 
the powered electrode. The inductively coupled reactor therefore enables the 
sheath voltage to be reduced and the ion density to be increased. Also, the 
sheath voltage and ion density can be separately varied. Consequently, a soft etch 

30 at a commercially acceptable etch rate can be achieved that does not damage the 
recent type of integrated circuits that can be damaged by ions of impact energy 
of rder or greater than 100 electron volts. 
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The electromagnetic fields in the inductively coupled plasma reactor can 
produce a plasma ion density distribution that is very uniform over the wafer and 
therefore produces veiy uniform wafer processing. The inductively generated 
electric field is substantially circumferential and therefore accelerates electrons 
5 substantially parallel to the side wall of the reactor. Because of the conductivity 
of the plasma, the strength of this electric field decreases rapidly away from the 
side wall so that electron acceleration occurs primarily in a region near the side 
wall As an electron gains speed, its inertia produces a trajectory that may 
include a succession of elastic collisions with molecules and/or glancing collisions 

10 with the sheath at the side walL Such collisions can kick the electron into the 
plasma body. This results in significant electron acceleration only near the wall, 
but also results in ion generation throughout the chamber. The diffusion of these 
electrons and ions and the radial ExB drift of electrons produces near the wafer 
a radially symmetric ion density that has a very uniform density. A low pressure 

15 (typically, on the order of 1 - 30 mfllfTorr) is maintained in the reactor chamber 
to facilitate diffusion of the electrons away from the region where they gain 
energy near the side wall. 

This design is also extremely efficient in coupling power into the 
production of ions and therefore provides an important advantage over other 

20 reactors for wafer processing that is to be performed by the ions in the plasma 
(see, for example, the article by J. Freisinger et al entitled RF-ion source RIM 10 
for material processing with reactive gases, IX International Conference on Gas 
Discharges and their Applications, 19*23 September 1988). Hie importance of 
this can be seen from the following. RF power to a plasma produces neutral 

25 radicals, ions, free electrons and excitation of molecules and atoms by the free 
electrons. Hie vertical etching that is produced by reactive ions is favored in a 
chamber that channels a high fraction of the rf power into ion production. For 
excess radical concentrations, the reaction on the wafer surface by the radicals can 
be detrimental to the desired fabrication process so that it is also advantageous 

30 in many applications to reduce the relative production of free radicals by the 
plasma. Therefore, this plasma reactor is particularly suitable for reactive ion 
etch processes and other processes that are either favored by high ion 
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concentration or degraded by significant free radical concentration. This reactor 
also requires much less capacitively coupled power than conventional plasma 
, reactors. This system utilizes on the order of a few hundred Watts of rf power 

to the powered electrode compared to 500-1000 Watts for a conventional plasma 
5 5 reactor in which all power is coupled capacitively. This system also provides the 

ability to control independently the ion current and the ion impact energy. 

In the conventional plasma reactor of Figure 1, the amplitude of the rf 
signal applied to powered electrode 16 controls not only the ion density in the 
plasma, but also the sheath voltage of the powered electrode. To achieve a soft 
10 etch (Le., energy of ion bombardment of the wafer on the order of 100 volts or 
less) the capacitively applied rf power should be reduced below that 
conventionally used in such a reactor. Unfortunately, this reduction of 
capacitively applied power would not only reduce the voltage drop across this 
sheath, it would also reduce the ion density at this sheath. Even at high rf voltage 
15 to the powered electrode, such capacitively coupled power produces only a 
relatively low density of ions. Because the wafer etch rate is proportional to the 
product of the ion density at this sheath times the voltage drop across this sheath, 
the wafer etch rate decreases faster than either of these two parameters. Thus, 
a soft etch produces a reduction in throughput that is incompatible with a 
20 commercial integrated circuit fabrication process. 

That the sheath voltage in this system is tied to the amplitude of the rf 
signal applied to the powered electrode can be seen by reference to Figures 2 and 
3. A capacitor 21 between rf source 15 and powered electrode 16 enables this 
sheath voltage to have a dc component This dc component is produced by the 
25 combined effects of the unequal areas of the electrodes and the unequal 
mobilities of the electrons and ions. Each plasma sheath is electronically 
equivalent to the parallel combination of a resistance, a capacitance and a diode. 
The electric field across the sheath repels most of the electrons out of the sheath 
"* region producing a large sheath resistance on the order of 10 4 ohms. The 

30 caparitive component of the sheath impedance as a function of increasing 
frequency becomes small enough to be significant at about 500 kHz and can be 
substantially ignored much below that frequency. At frequencies much above 500 
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kHz, the sheath resistance is large enough that it can be ignored This is the case 
for the high frequency sheath voltage component at the frequency of the 
capacitively coupled power. 

In the equivalent circuit in Figure 2, the effects of the much higher 
5 mobility of the electrons than the ions in the plasma and sheath is modeled by 
diodes 24 and 28. Thus, if the plasma were to become negative with respect to 
any electrode adjacent to the plasma, the electrons in the plasma would see an 
effective short to that electrode. The sheath impedances are therefore modeled 
by elements 22-24 and 26-28. Hie plasma body can be modeled as a low 

10 impedance resistance 25 that can be ignored at the high frequency 4 (preferably 
one of the KM frequencies 13.56 MHz, 27.12 MHz or 40.68 MHz) utilized for the 
rf voltage applied to the powered electrode. 

Figure 3 illustrates die relationship between a 220 volt peak-to-peak rf 
signal 31 of frequency 4 applied to the powered electrode, the resulting voltage 

15 32 of die plasma and the sheath voltage 36 of the powered electrode. The sheath 
capacitances C sl and C& dominate at the frequency f h of the capacitively coupled 
power so that resistances R sl and can be ignored and diodes 24 and 28 can 
be ignored except for a short interval during each period of signal 3L Therefore, 
under most operating conditions, the plasma equivalent circuit reduces to a 

20 capacitive divider so that the plasma potential V p and the high frequency 
components of the voltages across capacitances C sl and are substantially in 
phase and related in magnitude by V p = V lf -Q fi /(Q 1 + C^). 

For a typical reactor with a wall area several times that of the powered 
electrode, the sheath capacitance at the wall is on die order of 10 times die 

25 sheath capacitance C sl at the powered electrode. Therefore, for a 220 volt peak- 
to-peak rf signal 31, the plasma potential V p is on the order of 20 volts peak-to- 
peak. Because signals 31 and 32 are in phase, a peak 33 of signal 32 is aligned 
with a peak 34 of signal 31. Because of diode 24, the minimum voltage difference 
between signals 31 and 32 (occurring at each peak 34) is on the order of kT^/e. 

30 Similarly, V p must also be at least kTJe more positive than ground 35 to avoid 
shorting the plasma to the walls of die reactor. These various requirements 
produce an average sheath voltage 36 of the powered electrode (Le., the dc 
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component of if signal 31) of approximately -90 volts. The dc component of the 
sheath voltage is substantially equal to -V^Oi/C^ + Qz)/2 where V rf is the 
peak-to-peak magnitude of the rf voltage. The sheath voltage varies directly with 
the magnitude of the rf signal because the electric field component of the rf signal 
5 is substantially perpendicular to the powered electrode. This means that the dc 
component 36 of voltage 31 is directly tied to the peak-to-peak amplitude of the 
rf voltage applied to the powered electrode. 

The ionic current density at the powered electrode of a conventional 
plasma reactor is proportional to the ion density in the plasma which in turn 

10 decreases with decreasing power so that if the rf voltage amplitude is decreased 
to decrease the sheath voltage, then the current denary also decreases. 
Therefore, the plasma reactor of Figure 1 does not enable the current density at 
the wafer to be increased to maintain etch power when the voltage is decreased 
to produce a softer etch. 

15 The voltage drop across the sheath at the powered electrode is equal to 

the difference between the applied rf signal 31 and the voltage 32 of the plasma. 
This voltage drop varies from about 0 volts to about -220 volts. K an ion were to 
cross mis sheath in a time interval that is short compared to the period 1/4 of the 
rf signal, then its bombardment energy could be almost zero if it crossed the 

20 sheato near a peak 34 ofrf signal 31. Such low energy bombardment ions would 
not necessarily have trajectories substantially perpendicular to the plane of the 
wafer and therefore could degrade the desired vertical etch of the wafer. It is 
therefore important for the period 1/4 to be at least twice as large as the average 
time for an ion to cross this sheath. Since this transit time is on the order of or 

25 less than a half microsecond, 4 should be at least 4 MHz. For higher ion 
densities and low sheath voltage, the period 1/4 can be as small as 0.1 lis or less. 
Because of the less stringent limitations on KM frequencies, it is preferred that 
4 equal one of the ISM frequencies 13.56 MHz, 27.12 MHz and 40.68 MHz. 

Brief Description f Drawings 
30 The details of my invention will be described in connection with the 

accompanying drawings, in which: Figure 1 illustrates the structure of a typical 
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plasma reactor; Figure 2 is an equivalent circuit for a plasma reactor in which 
power is caparitively coupled into the reactor chamber; Figure 3 illustrates the 
relationship between the rf signal applied to the powered electrode, the voltage 
V p of the plasma and the sheath voltage Figure 4 is a side view of die 
5 inductively coupled reactor; Figure 5 is a cross-sectional side view of the 
inductively coupled reactor of Figure 4; and Figure 6 is a top view of die reactor 
of Figure 4. 

Modes for Carrying Out the Invention 

In Figure 4 is a plasma reactor42 that allows independent, controllable 

10 variation of die sheath voltage and the ion current density at the wafer. This 
reactor also produces a very uniform distribution of ion current density and 
voltage at the wafer and can provide an increased ratio between ion and free 
radical production rates in the plasma relative to purely capacitive or higher 
frequency inductive discharges. This system is therefore particularly useful for 

15 applications in which an increased ratio of ions to free radicals is advantageous. 

On a base 40 is a cylindrical chamber wall 41 that encloses a plasma 
reactor chamber 50 (shown in Figure 5). Chamber wall 41 is on the order of 7- 
30 centimeters high and has a lateral diameter that is dependent on the diameter 
of the wafers that are to be processed. For a 15 cm diameter wafer processing 

20 system, this chamber wall has a lateral diameter on the order of 25 - 30 
centimeters and for a 20 centimeter diameter wafer processing system, this 
chamber has a lateral diameter on the order of 30 - 38 centimeters. Chamber 
wall 41 is made of a nonconductive material such as quartz or alumina. 

Encircling wall 41 is an inductive coil 42 that is connected to a first rf 

25 source 43 through a conventional impedance match network or transformer 44. 
This coil has only a few turns (on the order of 2-8 turns) to produce an 
inductance that can be conveniently matched to rf source 43 by a conventional 
match network 44 utilizing commercially convenient reactance values or 
transformer to match the inductive impedance (typically, equal to or less than 10 

30 ohms) to die impedance (typically, 50 ohms) of source 43. The match network 
is designed to substantially eliminate the reflection of power back to source 43. 
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This inductive coil produces within chamber 50 an axially symmetric rf magnetic 
field whose axis is substantially vertical and an electric field that is substantially 
circumferential Both of these fields exhibit a rotational symmetry about a central 
axis A. This rotational symmetry contributes to the uniformity of wafer 
5 processing. 

Because of the hi gh conductivity of the plasma, the inductively coupled 
fields are substantially limited to a region adjacent to the side wall of skin depth 
6 (on the order of a centimeter) proportional to the square root of the electron 
density in the plasma divided by the frequency f| of the inductively coupled rf 

10 field. For larger systems, ^ can be reduced to increase the thickness of this region 
within which electrons are accelerated 

Within this region, the circumferential electric field accelerates the 
electrons circumferentially. However, because of the inertia of these accelerated 
electrons, they may experience glancing collisions with the electric field of the 

15 sheath at the sidewalL Such collisions will reflect most of these electrons away 
from the wall Some of these electrons will strike the side wall and may produce 
secondary electrons. Elastic collisions with gas molecules cause the electrons to 
diflnse throughout the volume of the chamber. Because the inductively generated 
electric field is limited to the distance 6 (the resistive skin depth) from the side 

20 wall, electron heating is limited to this region. In order to enhance the uniformity 
of ion density across the wafer, the pressure is kept low (typically 1-30 milHTorr) 
so that the electrons heated near the wall can rapidty diffiise away from the wall 
to produce a very uniform ionization and resulting ion density across the wafer 
surface. 

25 The reactor radius R, the frequency ^ and the power of the inductively 

coupled power are selected to produce a circumferential electric field having a 
peak-to-peak amplitude on the order of 1 - 10 volts/cm. This results in an 
oscillatory electron path of amplitude on the order of or greater than 3 cm so that 
the mean free path of these electrons is on the order of or less than the 

30 amplitude of their oscillatory motion. Source 43 provides power at a frequency 
in the range 0.1 - 6 MHz and at a power of up to 10 kW. 
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A second if source 51 (shown in Figure 5) provides rf power to a powered 
electrode 52, preferably at one of the ISM (Industry, Scientific, Medical) standard 
frequencies (Le., 1356 MHz, 27.12 MHz or 40.68 MHz)- As in the embodiment 
of Figure 1, tins rf power produces a dc sheath voltage next to the powered 
5 electrode 52. The power level is in the range from less than 100 Watts to a few 
(up to 5) hundred Watts so that the effect of this capacitively coupled rf signal on 
die ion density is much less than the effect of the power inductively coupled from 
source 43. This power level is somewhat less than that typically provided to the 
powered electrode in a plasma reactor. This power level can be kept low to 

10 produce a soft (Le., kinetic energy less than 100 ev) bombardment of the wafer 
by ions. Tins low power level to the powered electrode also means that the ion 
density is determined primarily by if source 43. This is advantageous in 
decoupling control of the ion density and the sheath voltage. 

The circumferential direction of the inductively generated electric field 

15 makes this field parallel to the powered electrode so that a path integral from the 
plasma body to the powered electrode along a normal to the powered electrode 
is zero. As a result of this, unlike in the plasma reactor of Figure 1, there is no 
rf component across the sheath producing an if time varying potential difference 
between the plasma body and the powered electrode. This substantially 

20 eliminates coupling of the low frequency induced rf field to the potential of the 
powered electrode. Therefore, the sheath voltage of powered electrode 52 is 
determined by if source 5L 

Enclosing the side wall of die reactor is a grounded Faraday shield 45 
consisting in this embodiment of a dozen conductive plates~46 that conform to the 

25 sidewalL Each Faraday shield conductive plate 46 is spaced from its neighboring 
plates by gaps 48. These gaps are needed to enable the induction rf magnetic 
field to penetrate within reactor chamber 50. At least one gap is needed to 
prevent the formation of a circumferential current in the Faraday shield. By 
Lenz's Law, such a circumferential current would strongly oppose variation of 

30 magnetic field within reactor chamber 50, thereby substantially countering the 
desired action on reactor chamber 50 of the current in coils 42. 
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This Faraday shield also provides the same functions as the grounded 
conductive walls of the reactor of Figure 1 - namely, it confines the capacitively 
coupled rf fields to the reactor chamber 50 so that they do not stray outside of the 
chamber and interfere with other equipment or violate federal radiation 
1 5 standards. This shield also provides a return path for the higji frequency current 

from the electrode produced by capacitively coupled power supply 51 

Faraday shield 45 can, when positioned next to the reactor wall, 
significantly reduce the amount of time variation of the plasma potential V p at the 
rf frequency fj of source 43. This is important in decoupling the effects of the first 

10 rf source 43 and the second rf source 51 on the ion density and the average 
sheath voltage At the power levels applied to coils 42, the large inductance 
(on the order of 1-100 microHeniys) of these coils produces a large voltage at one 
or both ends of these coils. If the Faraday shield were absent, then the high 
voltage end 47 of coil 42 would couple capacitively to the plasma body and 

15 impress an rf variation of V p at the frequency^ of source 43 (see, for example, 
J.L Vossen, Glow Discharge Phenomena in Plasma Etching and Plasma Deposition, 
J. Electrochem. Sow Solid-State Science And Technology, VoL 126, No. 2, p. 319). 

Hie widths of gaps 48 are less than the minimum spacing between these 
plates 46 and coils 42 so that coils 42 do not significantly couple capacitively 

20 through these gaps to the plasma body (see the Vossen reference). If such 
capacitive coupling to the plasma body were not blocked, this rf variation of V p 
would show up as a variation of the sheath voltages (and hence, ion energy) at 
this same frequency. Furthermore, this electric field could degrade the symmetry 
of the etch if it were not substantially excluded by the Faraday shield 

25 Faraday shield 45 also significantly influences the value of the sheath 

capacitance for the plasma sheath adjacent to the wall 41 of the plasma 
reactor. If this Faraday shield were not present, then the effective ground for the 
capacitively coupled rf signal would be provided by the rf induction coil or the 
environment surrounding the reactor chamber and therefore would be dependent 

30 on what other objects were near the reactor. Furthermore, these objects would 
generally be at a distance that is large enough that the effective ground could be 
treated as being at infinity. This makes C& for the side and top walls more on 
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the order of or less than one tenth f instead of ten times as was the case 
for Figure 3. The result is that the relationship between the plasma potential V p 
and the if signal is more like that shown in Figure 7 than like that shown in 
Figure 3. 

5 In Figure 7, it is again assumed that the if voltage (signal 7 1) has a peak- 

to-peak amplitude of 220 volts. For Coequal to ten times the plasma voltage 
signal 72 has a peak-to-peak amplitude of 200 volts. The peaks 73 of the plasma 
voltage V p again align with the peaks 74 of the if voltage signal 71 and the 
spacing between these peaks is again up to several times kTg/e. likewise, the 
10 spacing of the troughs of V p from ground is on the order of kTe/e (which is 
typically a few volts). The plasma voltage signal 72 therefore has a dc component 
76 on the order of 100 volts. This contrasts with Figure 3 where the plasma 
voltage signal 32 has a dc component on the order of 10 volts phis an offset of 
order kT^e. 

15 This greatly increased dc component between the wall and the plasma 

body results in an unacceptable level of etching or sputtering of the wall by ions 
in the plasma. Such action not only damages the chamber wall, but also uses up 
reactant gas and can inject into the plasma contaminants Oat can interfere with 
the wafer fabrication processes in the reactor chamber. However, with the 

20 Faraday shield 45 closely spaced from wall 41, the effective ground electrode 
capacitance is increased and is again several times larger than so that the 
relationship between the if signal and the plasma voltage V p is like Figure 3 
instead of like Figure 7. Indeed, normally, the spacing between the "plates* (i.e., 
the plasma and the conductive wall) of the capacitance C& is on the order of 0.1 

25 cm. For the reactor of Figure 4, when the Faraday shield is closely spaced from 
wall 41, the capacitance is increased by the thickness of wall 41 divided by the 
dielectric constant (which is > 4), which is equivalent to a vacuum gap of 0.075 
cm. Therefore, the wall capacitance is a little more than half of what it would 
be for a reactor of the type shown in Figure 1 of comparable dimensions to that 

30 in Figure 4. 

Plates 46 are movable radially on the order of or more than 1 cm so that 
capacitance can be substantially decreased by moving plates 46 away from the 
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walls to vaiy the ratio C^/C^ over a range on the order of from 0.1 to 10. These 
plates are moved close to wall 41 during wafer processing so that etching of the 
chamber wall and the associated production of contaminants are minimized In 
periods other than wafer processing periods, the plates can be moved away from 
5 the wall by as much as a cm or more to provide a controlled period of etching of 
the wall to dean the wall Hie remnants of this chamber cleaning step are then 
drawn out of the reactor before further wafer processing is implemented 

Figures 5 and 6 are respectively side cross-sectional and top views of 
reactor 40 illustrating further optional features of this reactor* Just outside of the 
10 top of reactor chamber 50 is a grounded conductive plate 53 that provides for the 
top of reactor chamber 50 substantially the same function as Faraday shield 45 
provides for the sides of this chamber. 

On top of the reactor chamber are a set of magnets 54 that alternately 
orient their North poles downward. A ferromagnetic return plate 55 helps return 
15 the flux of the fields produced by the two outermost magnets. Hie magnets 
preferably are permanent magnets since this type of magnet economically 
provides a sufficient magnetic field. This arrangement produces at the top of 
chamber 50 an array of alternating direction magnetic fields of about 100 Gauss 
that act Kke magnetic mirrors to reflect electrons back toward the plasma body. 
20 The fields from these magnets penetrate into the reactor chamber a distance on 
the order of twice the spacing (on the order of 2-3 cm) between these magnets. 
In other embodiments, this linear array of magnets could be replaced by a set of 
concentric ring magnets, again having North poles of successive magnets 
oppositely oriented vertically. In still other embodiments, a flat disc of 
25 ferromagnetic material having its North pole oriented vertically or a single ring 
dc solenoid could be used to produce a single magnetic mirror, which may have 
a magnetic field as low as several Gauss near the top of the chamber. The 
embodiment utilizing a magnetic disc is preferred because it is simple, inexpensive 
and preserves radial symmetry of the reactor. In contrast to this, the lack of 
30 radial symmetry of the magnetic fields from the magnets 54 in Figure 5 will 
slightly degrade the radial symmetry of wafer etch. 
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Just outside of the base or top of reactor wall 41 is a conductive coil 56 
connected to a dc current source 57 to produce an optional dc magnetic field to 
further contain electrons away from the side walL The magnitude of die magnetic 
field from this coil can be on the order of 1-100 Gauss. 
5 The plasma reactor of Figures 4-6 provides significantly improved 

operation compared to many other existing reactors. Whereas the plasma reactor 
(discussed in the Background of the Invention) that utilizes a microwave source 
produces only a few milliamps/cm 2 current density, this reactor could produce up 
to 50-100 milliamps/cm 2 . Tests show that this high current results for a variety 

10 of reactant gases, such as SF^CFjQ^C^ and argon. This indicates that relatively 
more of the power is going into the production of ions instead of into the 
production of neutral fragments as in other plasma production methods at 
pressures above 1 mTorr. These neutral fragments would not contribute to this 
current This is important because only the ions are given the perpendicular 

15 direction of impact on the wafer that results in the formation of substantially 
vertical walls. The ability to produce a very low sheath voltage at the wafer 
means that a 4,000 A thick gate of polysilicon can be etched vertically without 
damage to or etching of an underlying 100 A thick Si0 2 gate insulator by reducing 
the sheath voltage to less than 20-30 volts. 

20 Reactor 40 includes a gas source 49 and an exhaust port 58 that is part of 

an exhaust system 59 that includes a pump to exhaust plasma process products 
and to keep the pressure to a selected level Typically, the pressure is held at on 
the order of 1-30 mflliTorr pressure to enhance diffusion of electrons from die 
electron heating region near die side wall into the bulk volume. Even at this 

25 pressure, the inductively coupled power is primarily coupled into production of 
ions. In contrast to tins, other plasma systems such as the microwave plasma 
systems produce relatively more free radicals at pressures above approximately 
1 mflliTorr. If a microwave plasma reactor is to primarily produce ions, then the 
pressure needs to be on the order of or less than a few tenths of a mflliTorr. This 

30 requires that reactor pumps have speeds greater than a few Torr-liters per second. 
This large rate of pumping requires either the use of cryogenic pumps closely 
coupled to the reactor chamber or very large turbo pumps with large ports to the 
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chamber. In contrast, the reactor disclosed herein can operate at higher pressures 
and requires a pump speed only on the order of a few hundred mflkTorr-liters 
per second. This is easily achieved with smaller pumps which need not clutter the 
space around the chamber and interfere with wafer handling or other essential 
5 chamber peripherals. Such pumps also would not require regeneration or pose 
a safety hazzard as do cryogenic pumps. 
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Reference Numerals 
40 base 



10 plasma reactor 

11 reactor wall 

12 plasma reactor chamber 

13 gas source 

14 exhaust system 

15 rf power supply 

16 powered electrode 

17 wafer 



41 chamber wall 

42 inductive coil 

43 1st rf source 

44 match network 

45 Faraday shield 

46 conductive plates of Faraday shield 

47 high voltage end of coild 42 

48 gaps between Faraday shield plates 



18 slit valve 


49 gas source 


19 plasma body 




110 boundary layer 


50 plamsa reactor chamber 




51 2nd rf source 


21 capacitor 


52 powered electrode 


22-24 elements modeling sheath 


53 grounded conductive plate 


impedance 


54 magnets 


25 plasma body resistance 


55 ferromagnetic return plate 


26-28 elements modeling sheath 


56 conductive coil 


impedance 


57 dc current source 




58 exhaust port 


31 if signal 


59 exhaust system 



32 plasma voltage 

33 peak of signal 32 

34 peak of signal 31 

35 ground 

36 sheath voltage of the powered 
electrode 
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Claims 

1. A plasma reactor comprising: a nonconductive reactor wall enclosing a 
reactor chamber within which a plasma is to be produced; a gas source 
connected to the reactor wall to provide gases into the reactor chamber; 
5 an exhaust system connected to the reactor chamber to exhaust gases from 

this chamber, a source of if power, an induction coil encircling the 
reactor wall to inductively couple into the reactor chamber power from 
said first rf power source; and, between the induction coil and the reactor 
wall, a Faraday shield. 

10 2. A plasma reactor as in claim 1 wherein said Faraday shield has plates that 
are movable to vary the capacitance between a plasma body within the 
reactor chamber and said Faraday shield. 

3. A plasma reactor as in claim 1 wherein said Faraday shield comprises a 
plurality of conductive plates adjacent to said reactor wall, each plate 

15 being spaced from a neighboring plate by a gap that is smaller than the 

distance between said induction coil and the reactor walL 

4. A plasma reactor as in claim 1 further comprising a capacitivefy coupled 
powered electrode, adjacent to which a wafer is to be placed for 
processing. 

20 5. A plasma reactor as in claim 4 wherein said induction coil produces within 
the reactor chamber a magnetic field that is substantially perpendicular to 
said powered electrode, whereby, an electric field induced by time 
variation of the signal to said induction coil is substantially parallel to said 
powered electrode so that the induced electric field does not directly affect 

25 the potentials of the plasma and the powered electrode. 



6. 



A plasma reactor as in claim 4 wherein said power source provides much 
less power to the powered electrode than to the induction coil, whereby a 
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plasma produced in said reactor chamber has an ion density that is 
substantially determined by the power to said induction coiL 

7. A plasma reactor as in claim 6 wherein the power signal to the powered 
electrode has a peak-to-peak voltage amplitude less than 200 volts peak-to- 

5 peak, whereby this reactor is suitable for a soft etch of a wafer. 

8. A plasma reactor as in claim 4 wherein said plates are movable over a 
distance such that a ratio Qi/C^ can be varied over a range that includes 
the value 1, where C& is the sheath capacitance between a plasma body 
and the reactor wall and where is the sheath capacitance between the 

10 plasma body and the powered electrode. 

9. A plasma reactor as in claim 1 wherein the inductively coupled power is 
at a frequency ^ in the range from 0.1 - 6 MHz. 

10. A plasma reactor as in claim 4 wherein the inductively coupled power is 
at a frequency ^ and the capacitively coupled power is at a frequency f h 

15 that is larger than fj. 

1L A plasma reactor as in claim 4 wherein the capacitively coupled power is 
at a frequency 4 that is selected from the set consisting of 1356 MHz, 
27.12 MHz and 40.68 MHz. 

12. A plasma reactor as in claim 1 wherein the exhaust system and the gas 
20 source cooperatively produce within said chamber a pressure for which 

ions are produced in said plasma at a rate at least on the order of that at 
which free radicals are produced. 

13. A plasma reactor as in claim 1 further comprising: a grounded conductive 
plate adjacent to a top portion of the reactor wall. 
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14. A plasma reactor as in claim 1 further comprising: a source of a dc 
magnetic field adjacent to a top portion of the reactor wall, thereby 
helpin g constrain energetic electrons away from the top portion of the 
reactor wall 

5 15. A plasma reactor as in claim 14 wherein said source of a dc magnetic field 
adjacent to a top portion of the reactor wall comprises a plurality of 
permanent bar magnets arranged parallel to one another and to the top 
portion of the reactor wall, each magnet having its North pole oppositefy 
directed from any nearest neighbor magnets. 

10 16. A plasma reactor as in claim 15 further comprising: a ferromagnetic 
return plate which at least covers the magnets on top and provides a 
ferromagnetic return for magnetic field lines at the outer edges of the 
plurality of bar magnets. 

17. A plasma reactor as in claim 14 wherein said source of a dc magnetic field 
15 adjacent to a top portion of the reactor wall comprises: a plurality of 

concentric annular magnets parallel to the top portion of the reactor wall, 
each magnet having its North pole oriented substantially perpendicular to 
the top portion of the reactor wall and oppositefy directed from any 
nearest neighbor magnets; and a ferromagnetic return plate which at least 
20 covers the magnets on top and provides a ferromagnetic return for 

magnetic field lines at the outer edges of the plurality of bar magnets. 

18. A plasma reactor as in claim 14 wherein said source of a dc magnetic field 
adjacent to a top portion of the reactor wall comprises a disk magnet 
having it North pole oriented substantially perpendicular to the top portion 

25 of the reactor walL 

19. A plasma reactor as in claim 14 wherein said source of a dc magnetic field 
adjacent to a top portion of the reactor wall comprises a dc 
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electromagnetic producing a magnetic field having its North pole oriented 
substantially perpendicular to the top portion of the reactor walL 

20. A plasma reactor as in claim 1 further comprising: a dc power source; and 
a coil encircling the reactor and connected to the dc power source to 
produce a dc magnetic field that is substantially perpendicular to said 
powered electrode. 

2L A plasma reactor comprising: a nonconductive reactor wall enclosing a 
reactor chamber within which a plasma is to be produced; a gas source 
connected to the reactor wall to provide gases into the reactor chamber; 
an exhaust system connected to the reactor chamber to exhaust gases from 
this chamber; an induction coil encircling the reactor wall to inductively 
couple into the reactor chamber power from said first rf power source; a 
powered electrode, adjacent to which a wafer is to be placed for 
processing; and a source of rf power of a frequency f, to said induction coil 
and of separately controllable voltage of a frequency 4 to said powered 
electrode. 

22. A plasma reactor as in claim 21 wherein: said induction coil produces 
within the reactor chamber a magnetic field that is substantially 
perpendicular to said powered electrode, whereby, an electric field induced 
by time variation of the signal to said induction coil is substantially parallel 
to said powered electrode so that the induced electric field does not 
directly affect the voltage of the powered electrode. 

23. A plasma reactor as in claim 21 wherein said power source provides much ? 
less power to the powered electrode than to the induction coil, whereby a 

plasma produced in said reactor chamber has an ion density that is * 
substantially determined by the power to said induction coil. 
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24. A plasma reactor as in claim 23 wherein the signal to the powered 
electrode has a peak-to-peak voltage amplitude less than 200 volts, 
whereby this reactor is suitable for a soft etch of a wafer. 

25. A plasma reactor as in claim 21 wherein the inductively coupled power is 
at a frequency f, in the range from 0.1 - 6 MHz. 

26. A plasma reactor as in claim 21 wherein the inductively coupled power is 
at a frequency f, and the capacitively coupled power is at a frequency 4 
that is larger than f,. 

27. A plasma reactor as in claim 21 wherein the capacitively coupled power 
is at a frequency 4 that is selected from the set consisting of 1356 MHz, 
27.12 MHz and 40.68 MHz. 

28. A method of processing a wafer in a plasma reactor comprising the steps 
o£ supplying gas to a reaction chamber enclosed by nonconductive walls; 
exhausting gas from the reaction chamber, inductively coupling power into 
the reaction chamber; and shielding the reactor with a Faraday shield 
encircling the reaction chamber. 

29. A method as in claim 28 wherein the Faraday shield is movable, said 
method further comprising the step of: adjusting the spacing of the 
Faraday shield from the nonconductive walls. 

30. A method as in claim 28 further comprising die step of: magnetically 
reflecting electrons within the reaction chamber away from a top wall. 

3L A method as in claim 28 further comprising the step of: capacitively 
coupling power into die reaction chamber. 
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32. A method as in claim 31 wherein the capacitively coupled power is 
supplied by an electrode having a capacitance to a plasma within 
the reaction chamber and wherein said Faraday shield produces a 
capacitance between the plasma and the combination of the Faraday 
shield and the nonconductive wall, said method further comprising the step 
of: adjusting the spacing of die Faraday shield from the nonconductive 
wall over a range that produces a ratio C&xtxodJCwasi that varies over a 
range that includes the value 1. 

33. A method as in claim 31 wherein the inductively couple power is provided 
at a frequency in the range 0.1 - 6 MHz and the capacitively coupled 
power is provided at a frequency selected from the set consisting of 13.56 
MHz, 27.12 MHz and 40.68 MHz. 

34. A method as in claim 33 further comprising die step of: producing a dc 
magnetic field within the reaction chamber in a direction substantially 
perpendicular to a powered electrode utilized to capacitively couple power 
into said reaction chamber. 
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